This study investigated the effect of heat treatment on the tensile and fatigue properties of Al 3527 K alloy manufactured by the strip casting process. Al 3527 K alloy (as strip cast material, F) produced by twin roll strip casting and heat treated (480°C/6 h., H) alloy were examined and compared. Microstructure observation results revealed that both alloys (F and H) featured rapid solidification microstructures. In addition, both alloys were identified to be composed of Al, Al 6 (Mn, Fe) and AlFeMnSi phases. As heat treatment was applied, H alloy formed a more even phase distribution than F alloy. Tensile results showed F alloy to have a yield strength of 135.0 MPa, tensile strength of 194.7 MPa and elongation of 14.3%, while H alloy had a yield strength of 147.9 MPa, tensile strength of 235.2 MPa and elongation of 10.9%. The tensile properties showed that heat treatment resulted in an increase of strength and decrease of elongation. In tensile fracture surface observation, both alloys showed typical ductile fracture modes. The F alloy was measured to have a dimple size of 6.8 µm on average, and the H alloy measured 4.2 µm in tensile fracture surfaces. High-cycle fatigue results showed the F alloy to have a fatigue limit of 120 MPa, and the H alloy to have that of 145 MPa. Al 3527 K-F alloy featured a larger deviation in fatigue life in all identical stress conditions compared to the H alloy. This study also discussed the tensile and fatigue deformation behaviors of Al 3527 K alloy manufactured by strip casting through the abovementioned mechanical properties as well as the fractographies.
Introduction
Aluminum alloys are major lightweight materials that have superior mechanical properties, formability, corrosion resistance and recyclability. 13) Due to such characteristics, they are widely used in various fields including automobiles, aircrafts, construction and kitchenware. Aluminum alloys are commonly manufactured by casting, extruding and rolling. In general, when an aluminum alloy is manufactured through a casting process, it is easy to create casting defects (gas pores and shrinkage pores) that can decline the mechanical properties of the alloy, as this causes fracture and fatigue cracks. 4) On the other hand, if aluminum alloy is manufactured by rolling or extruding, it can manufacture a relatively homogeneous and controllable microstructure and superior mechanical properties, but its production time and cost increase as addition processes are implemented.
To solve these problems, a strip casting process capable of directly producing plates from a molten pool is being applied. Strip casting is known to give a faster cooling rate compared to other casting processes, and thus can produce a fine microstructure. 5) In addition, twin roll strip casting can achieve the effect of both solidification and hot rolling at the same time. Therefore, the twin roll strip casting process can reduce the casting defects (gas pores and shrinkage pores) of conventional casting processes. Until now, studies about the manufacturing of 6xxx aluminum alloys, some 3xxx aluminum alloys, and several kinds of steel by using the strip casting process have been reported.
69)
Al-Mn based 3xxx alloy has been applied in construction, kitchenware and electronic part materials. J. P. Martins et al. 10) presented a study investigating the microstructure and texture as well as hardness of Al 3003 alloy produced using twin roll casting, and N. Sun et al. 11) reported the microstructural change depending on heat treatment temperature and time on Al 3105 alloy produced using twin roll casting. In addition, Y. J. Li et al. 12) presented the microstructure and tensile results of 3003 alloy produced using normal casting and rolling processes. Al 3527 K alloy used in this study is designed by adding a small amount of Zr to an Al-Mn-Cu alloy, therefore when produced using strip casting, the alloy is expected to represent different microstructure and tensile/fatigue properties compared to those of strip cast 3003 and 3105 alloys.
There are few studies reported that cover the microstructure and mechanical properties of Al 3527 alloy, and in particular, there is no study about the tensile and fatigue (the cause of 90% of metal fracture) of Al 3527 alloy especially manufactured by the strip casting process.
This study investigated the effect of heat treatment on the microstructures, tensile and fatigue properties of Al 3527 K alloy manufactured by strip casting. In addition, the study attempted to discuss the deformation behavior of strip cast Al alloy in relation to its unique microstructure.
Experimental Procedure
This study used Al-Mn-Cu based Al3527 alloy with a small amount of Zr added to improve corrosion resistance, and indicated it as Al 3527 K alloy. For the twin roll strip casting of material, the alloy was melted at 730°C, and continuously manufactured to a 470 mm-wide, 8 mm-thick strip at 100°C top/bottom roll surface temperature. The temperature of the roll surface was measured using an infrared thermometer, and strip casting was performed at temperatures maintaining 100°C on the top and bottom rolls. Figure 1 is 13) However, in the case of 3527 alloy, there are no articles reporting the influence generated by the chemical composition of the alloy in detail. To identify the effect of heat treatment, the strip cast Al 3527 K alloy was placed in a 480°C furnace for 6 h, and was then air cooled. In this study, the strip cast material is indicated as F alloy, and the alloy that underwent heat treatment is indicated as H alloy.
To observe the microstructure of the material, the surface of the alloy was polished until #2000 with SiC paper, and then a 1 µm fine polishing was performed. Later, it was etched with HF 1 mL + distilled water 100 mL. To analyze the phase of the material, X-ray diffraction analysis, electron probe micro analyzer (EPMA) and energy dispersive spectroscopy (EDS) were conducted.
To evaluate the mechanical properties, hardness, ambient temperature tensile and high-cycle fatigue tests were performed. The hardness was measured 12 times with a 10 g load using a micro Vickers hardness tester, and the average value excluding the maximum and minimum values was used as the result. For tensile and fatigue tests, samples were machined according to ASTM E8 and E466, respectively. Before conducting the tensile and fatigue tests, the surface was ground until #4000 with SiC paper to eliminate surface roughness influence. INSTRON 8501 was used for the ambient temperature tensile and fatigue tests. In the case of the tensile test, three tests (per each alloy) were performed with an initial strain rate of 1 © 10 ¹3 s ¹1 , and the average of measurements was used as the result. The high-cycle fatigue test was performed under a stress ratio of R = 0.1 and frequency of 10 Hz, and the fatigue limit was set to the maximum stress condition that does not cause fracture at 10 7 cycles. After the tensile and high-cycle fatigue tests, scanning electron microscopy (SEM) (Tescan, VEGA II LMU) was used to observe the microstructural influence on tensile and fatigue deformation behaviors.
Results and Discussions

Microstructure of strip cast Al 3527 K alloys
The observation result on the microstructures of Al 3527 K, F and H alloys are shown in Fig. 2 . Strip cast F alloy featured a significantly inhomogeneous microstructure and showed overall globular type fine dendrites. It is commonly known that strip cast alloy represents rapid solidified microstructures due to a fast cooling rate. 14) J. Cai et al. 15) reported similar fine globular or cellular type dendrites observed in rapid cooled magnesium alloy. Mean- Figure 3 shows the XRD analysis results of strip cast Al 3527 K alloys. Basically, the two alloys (F and H) are composed of Al, Al 6 (Mn, Fe) and AlFeMnSi phases. In particular, Al 6 (Mn, Fe) and AlFeMnSi peaks were detected in small amounts in F alloy but were clearly found in H alloy. To identify the element distribution, an EPMA element mapping was performed, and its results are shown in Fig. 4 . First, the F alloy shows that Mn and Fe elements are spread widely on the Al matrix and exist in almost the same areas. In the heat treated H alloy, the areas containing Mn and Fe became finer and evenly distributed. In the case of Si, which was observed in small amounts, it was observed in partial positions of areas containing Mn or Fe, and it featured a fine distribution. D. T. L. Alexander et al. reported that the AlFeMnSi phase in 3xxx alloy manufactured using DC (direct chill casting) is produced by Si diffusing and combining with the Al 6 (Mn, Fe) phase, indicating that the AlFeMnSi phase is produced on the surface of the Al 6 (Mn, Fe) phase, which forms a surface with the two phases mixed. 12) In the case of strip casting used in this study, the process applies faster cooling than that of DC casting, producing a more prominent surface of mixed phases mentioned above. The XRD and EPMA analysis results of the strip cast Al 3527 K alloy confirmed that the alloy has a mixture of Al 6 (Mn, Fe) phase and AlFeMnSi phase on its surface. It is assumed that the strip cast Al 3527 K alloys of this study also have a mixture of Al 6 (Mn, Fe) and AlFeMnSi phases. EDS analysis was performed to obtain a more accurate phase analysis, and its results are shown in Fig. 5 . The results show that both alloys featured Al 6 (Mn, Fe) and AlFeMnSi phases, and in particular, the two phases were bound in wide areas in F alloy. Furthermore, Al 6 (Mn, Fe) and AlFeMnSi phases were finer and more evenly distributed in H alloy than in F alloy. Meanwhile, Cu elements were locally observed in Al 6 (Mn, Fe) and AlFeMnSi phases. In regard to this observation, K. J. Euh et al. 16) reported that Cu could be found in the AlMnFeSi phase in the 3527 area of 3527/4343 aluminum clad material. In this study, the XRD and EPMA analyses of Al 3527 K alloy did not confirm another phase with Cu content, therefore, Cu is assumed to be solutionized in the Fe-intermetallic phase.
Tensile properties of strip cast Al 3527 K alloys
In the hardness test of F and H alloys, the F alloy measured 55 Hv (surface: 55.2 Hv, Inner: 54.5 Hv) and H alloy represented 75 Hv (surface: 75.2 Hv, Inner: 74.9 Hv). The results show that the hardness of the strip cast alloy increased slightly after heat treatment. Figure 6 shows the tensile stress-strain curves of strip cast Al 3527 K alloys. The F alloy showed a yield strength of 135.0 Mpa, tensile strength of 194.7 Mpa and elongation of 14.3%, while the H alloy measured a yield strength of 149.9 MPa, tensile strength of 235.2 MPa and elongation of 10.9%. Through the heat treatment process, yield strength and tensile strength increased, and elongation decreased. Meanwhile, the slopes in the elastic region of F and H alloys were similar, once beyond yielding, and the work hardening of H alloy was significantly higher than F alloy. The SEM fractography results after tensile tests are shown in Fig. 7 . Both alloys showed a ductile fracture mode characterized by fine dimples on the fracture surface. The average dimple size of F alloy measured 6.8 µm, and lumps of Al 6 (Mn, Fe) and AlFeMnSi phases were observed inside and around the dimples. The fracture surface of heat treated H alloy showed an average dimple size of 4.2 µm, and fine Al 6 (Mn, Fe) and AlFeMnSi phases were found inside the dimples. According to the result of microstructure, the mixed clusters of Al 6 (Mn, Fe) and AlFeMnSi phases in both strip (Fig. 7) . As depicted in Figs. 4 and 5, strip cast Al 3527 K-F alloy has a cluster of Al 6 (Mn, Fe) phase and AlFeMnSi phase mixed together, but heat treated H alloy has a relatively finer, even Al 6 (Mn, Fe) phase and AlFeMnSi phase distribution. The finer, even distribution of reinforced phases can be interpreted as spreading the concentration of stress caused by dislocation slip during H alloy transformation, and as a result, it induces spread fine cracks and small, even ductile dimples. Figure 8 shows the high-cycle fatigue properties of strip cast Al 3527 K alloys (F and H alloys). It is found that heat treated H alloy has higher fatigue life in all stress conditions compared to F alloy. The fatigue limit of F alloy (10 7 cycles criteria) measured 120 MPa, and H alloy measured 145 MPa. As depicted in Fig. 8 , H alloy had small fatigue life deviation, while F alloy had a significantly larger deviation in all identical stress conditions. As a result, some sound F alloy samples measured a fatigue limit of 140 MPa. Figure 9 shows the fatigue fracture surfaces observed with SEM after high-cycle fatigue tests. The figures on the left are observations of the fatigue fracture start area, and the middle figure and right figure are typical features of the fatigue fracture spread area.
Fatigue properties of strip cast Al 3527 K alloys
In both Al 3527 K, F and H alloys, almost all fatigue cracks were initiated at the surfaces of specimens. Close observation was made of every fatigue initiation site of all fractured samples, but there were no coarse phases or pore defects. 4, 17) In the case of F alloy's fatigue fracture surface, it was significantly rough and featured uneven characteristics. In addition, secondary micro cracks were easily observed on the fatigue fracture surface. According to EDS analysis results, rough mixed clusters of Al 6 (Mn, Fe), AlFeMnSi phase clusters were detected around or within such micro cracks. In the case of H alloy, it featured a relatively even fatigue fracture surface compared to F alloy. In addition, the alloy showed a typical fatigue fracture caused by the gradual propagation of main crack after the initiation of fatigue crack. While H alloy did not show common micro cracks on the fatigue fracture surface of those in the F alloy, it had the identical tendency of changing crack growth direction in some mixed Al 6 (Mn, Fe), AlFeMnSi phases when fatigue crack propagates. The outstanding fatigue properties of the heat treated H alloy are obtained from the homogeneous microstructure and uniform distribution of reinforced phases (Al 6 (Mn, Fe), AlFeMnSi), which lead to effectively reducing fatigue crack initiation and delaying its propagation. Meanwhile, in the case of strip cast F alloy, the coarse, uneven reinforced phases (Al 6 (Mn, Fe), AlFeMnSi) easily produced secondary cracks around them, and the cracks are rapidly propagated to cause the fatigue life deviation to be larger in all stress conditions.
Conclusion
This study investigated the effect of heat treatment on the tensile and fatigue properties of Al 3527 K alloy manufac- tured by the strip casting process, and the following conclusions were drawn.
(1) F alloy (as strip cast) and H alloy (heat treated) are both composed of Al, Al 6 (Mn, Fe) and AlFeMnSi phases. F alloy features an inhomogeneous dendrite microstructure due to rapid solidification; however, when heat treatment is applied, a relatively even microstructure was observed. Also, the Al 6 (Mn, Fe) phase and AlFeMnSi phase became more even and finely distributed as heat treatment was conducted. (2) The tensile tests of strip cast Al 3527 K alloys measured an increase in yield strength from 135.0 MPa to 149.9 MPa as heat treatment was applied, and tensile strength increased from 194.7 MPa to 235.2 MPa while elongation was reduced from 14.3% to 10.9%. Also, the tensile curve showed heat treated H alloy had higher work hardening behavior than that of F alloy. Tensile fracture surface observation revealed that both alloys featured a typical ductile fracture mode, and as heat treatment was conducted, the dimple size was reduced from 6.8 µm to 4.2 µm and Al 6 (Mn, Fe) and AlFeMnSi phases acted as effective reinforced phases. (3) In the fatigue results, heat treatment induced higher fatigue life in all fatigue stress conditions, and fatigue limit increased from 120 MPa (F alloy) to 145 MPa (H alloy). Strip cast F alloy featured a broader deviation of fatigue life. In the case of F alloy, an inhomogeneous fatigue fractured surface and secondary micro-cracks generated from coarse precipitation phases were easily observed. Meanwhile, H alloy showed a relatively typical fatigue fracture surface. In the case of the heat treated H alloy, the even and fine distribution of Al 6 (Mn, Fe) and AlFeMnSi phases reduced fatigue crack initiation and suppressed inhomogeneous crack propagation, which resulted in improved high-cycle fatigue properties.
